Gum karaya is a polysaccharide gum from Sterculia urens tree. It is used as an emulsifier and thickening agent in cosmetics and pharmaceuticals. However, it has very strong swelling properties, high viscosity, and low solubility, providing the restricted applications in the food industry. The main objective of this study was to investigate the effects of different heat treatment and microwave variables (i.e., time: 8, 10, and 12 min; power: 700 and 1000 W) on the functional properties of gum karaya in the aqueous system and oil-in-water emulsion. In this regard, the rheological properties, emulsifying activity, average droplet size, and surface morphology of the native-and microwave-treated gums were analyzed and compared. Dynamic oscillatory test indicated that the microwave-treated gum karaya had more gel-like behavior than viscous-like behavior (G′ > G″) at a relatively high concentration (20% or 20 g/100 g). When gum karaya was treated by microwave for 8-12 min, both elastic (G′) and viscous (G″) moduli were declined. The native-and microwavetreated gum karaya exhibited a shear-thinning (pseudoplastic) behavior in the aqueous system and oil-in-water emulsion. The results showed that the microwave-treated gum karaya had smaller particles than the native gum in the aqueous system. On the other hand, the emulsion containing the microwave-treated gum karaya had finer emulsion droplets than the control containing the native gum karaya. This confirmed that the application of microwave treatment led to significantly (p < 0.05) improve the emulsifying activity of gum karaya.
INTRODUCTION
Polysaccharide gums have a wide range of applications due to their hydrophilic properties. They have many applications as a gelling agent, encapsulating agent, thickener, emulsifier, and stabilizer. [1 , 2] In the food industry, they are mainly used to modify the physicochemical and functional properties (i.e., rheological properties, solubility, oil-and water-holding capacity) of food products. [3 , 4] Sourcing natural gums from botanical and plant sources has become an important focus to produce acceptable ingredients in liquids and semi-solid foods. [5] This is mainly because of the positive attitude of consumers toward plant-based gums rather than other gums from animal and microbial sources. [6] Gum karaya (GK) is a commercially viable polysaccharide gum extracted from Sterculia urens tree which is extensively grown in India. [7] It is an exudate comprised of 60% ordinary sugar dregs (galactose and rhamnose), 40% acidic dregs (galacturonic and glucuronic acid), and 8% acetyl groups. [8] GK has very strong swelling properties, high viscosity, and very poor solubility because of its acetyl groups, therefore, it is mainly used in cosmetics and pharmaceuticals rather than in food processes. [8] [9] [10] [11] It was hypothesized that there is a possibility to modify the functional properties of GK through microwave treatment.
Microwave treatment is a simple, relatively safe, and healthy process with many advantages such as energy savings and precise process control. [12, 13] In fact, it is known as a cost-effective technique, as it consumes low levels of energy and is environmentally friendly. [14] The use of microwave treatment has gained many interests and supports among researchers. Microwave heating is mostly applied as an alternative for a conventional drying. Furthermore, the microwave treatment can significantly affect the physicochemical properties and functional characteristics of many components. Currently, it is used to improve the physicochemical and functional properties of different plant gums. [15] Electromagnetic spectrum microwaves are between infrared and radio waves with 0.3-30 GHz frequency range and 0.01-1 m wavelength. For industrial applications, it would typically be 915-2450 MHz over a short exposure. Microwave process in such frequency levels can provide rapid, uniform, and volumetric thermal process. [16] In microwave heating, the sample begins to be heated from the center. Therefore, the moisture is driven outward as vapor, toward the surface where it condenses. [17] Previous researchers described the significant impact of microwave treatment on functional properties of gums. [18] [19] [20] [21] [22] The main objective of this study was to investigate the effects of heat treatment and microwave variables (i.e., time, 8, 10, and 12 min; power, 700 and 1000 W) on the functional properties of GK in the aqueous system and oil-in-water (O/W) emulsion.
MATERIALS AND METHODS

Materials
High pure GK (99.5%) was purchased from Nutriroma Co. (Hyderabad, Andhra Pradesh, India). The pH of GK solution (1% or 1 g/100 g) was 4.30. Canola oil was purchased from the local market (Selongor, Malaysia). Citric acid was supplied by Riedel-deHaen (Victoria, Austria). Sodium benzoate was supplied by Fisher Scientific (Pittsburgh, PA, USA).
Microwave Treatment of GK
For microwave treatment, 100 g of GK was placed in a porcelain bowl and heated in a sand bath at 120°C for 2 h according to the method reported earlier. [23] Then, different aqueous solutions (5% or 5 g/100 g) containing the native-and microwave-treated gums were prepared. All gum solutions PHYSIOCHEMICAL PROPERTIES OF GUM KARAYA were heated to achieve full hydration. The gum solutions were transferred to different Petri dishes for cooling down at room temperature. Finally, they were subjected to different microwave treatments (i.e., 700 W and 1000 W for 8, 10, and 12 min; Fig. 1 ). The treatment was carried out by means of a microwave (Model MS-1921HE, LG Electronics Inc., India). The microwavetreated gums were then passed through a sieve (No. 80) before storing at 4°C for further analysis.- [19] The microwave treatments were in duplicates.
Preparation of O/W Emulsion
In this study, several emulsions containing the native-and microwave-treated gums were prepared according to the method reported by previous researchers. [24, 25] Initially, sodium benzoate (0.1% or 0.1 g/100 g), citric acid (0.3% or 0.3 g/100 g), and GK (1% or 1 g/100 g) were added to the distilled water to prepare the gum solution. The mixture was stored at room temperature for one overnight to facilitate hydration before making a coarse emulsion. Then, the known amount (20% or 20 g/100 g) of canola oil was gradually added to the hydrated A′, B′, and C′: Unheated microwave treated powder samples at 700 W for 8, 10, and 12 min, respectively.D′, E′, and F′: Unheated microwave powder samples at 1000 W for 8, 10, and 12 min, respectively.G′, H′, and I′: Unheated microwave treated solution samples at 700 W for 8, 10, and 12 min, respectively.J′, K′, and L′: Unheated microwave treated solution samples at 1000 W for 8, 10, and 12 min, respectively.A″, B″, and C″: Heated microwave treated powder samples at 700 W for 8, 10, and 12 min, respectively.D″, E″, and F″: Heated microwave treated powder samples at 1000 W for 8, 10, and 12 min, respectively.G″, H″, and I″: Heated microwave treated solution samples at 700 W for 8, 10, and 12 min, respectively.J″, K″, and L″: Heated microwave solution samples at 1000 W for 8, 10, and 12 min, respectively.
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continuous phase. The mixture was stirred for 5 min to form the coarse emulsion. Finally, the coarse emulsion was homogenized by a high pressure homogenizer (APV, Crawley, UK) at 30 MPa for two cycles. [26] 
Analytical Tests
Surface morphology analysis A scanning electron microscope (Quanta 200™ FEG, FEI Co., Hillsboro, OR, USA) was used to capture the topographical images of GK before and after applying microwave treatment. The powder specimens were mounted using a double-sided carbon adhesive tape onto aluminium strips (Electron Microscopy Sciences, Hatfield, PA, USA). Scancoat Six sputter coater (BOC Edwards, Wilmington, MA, USA) was used to coat the sample with a thin gold as a conductor. High-vacuum secondaryelectron imaging mode with the voltage of 10 kV was applied for analysis. The images were taken in 250× magnification. This experiment was carried out in duplicate for each sample. [27] Determination of droplet size and distribution
The average droplet size and distribution of gum solutions and O/W emulsions were determined by using a Malvern particle size analyzer (Mastersizer 2000S, Malvern Instruments Inc., Westborough, MA, USA). The measurement of average droplet size was performed immediately after preparing samples in the fresh form. To avoid multiple scattering effects, the samples were diluted with deionized water prior to analysis. The droplet absorbance of 0 and refractive indices of 1.466 and 1.333 were considered for the dispersed phase and continuous phase, respectively. The surface weighted mean diameter (d 32 ) and volume weighted mean diameter (d 43 ) were measured to determine the average droplet size. In fact, d 43 value was measured to monitor any changes in droplet-size distribution occurred during storage. [28] The gum solution (0.5% or 0.5 g/100 g) was prepared with a magnetic stirrer at 25°C. The solution was then hydrated for 24 h before analysis. [29] In this experiment, the span was measured as an indicator for the particle size distribution. The span and average droplet size were calculated based on the following formula:
where D(ʋ,0.1), D(ʋ, 0.5), and D(ʋ, 0.9) are diameters at 10, 50, and 90% cumulative volume, respectively; [30] 
where n i is the number of droplets with diameter D i . [31] Measurement of dynamic rheological properties
The rheological properties of gum solutions and O/W emulsions were measured by using a rheometer (RheoStress 600, Haake instruments, Karlsruhe, Germany) with the sensor C 60/2°. In this experiment, the apparent viscosity, elastic modulus (G′), and viscous modulus (G″) of gum solutions were measured under a controlled experimental condition. Initially, 1 mL continuous phase or gum solution was dispensed onto the rheometer plate and left to be equilibrated for 10 min at 25°C. Then, different shear rates (10-200 1/s) were applied to assess the apparent viscosity. For measurement of viscoelastic properties, the elastic modulus (G′) and viscous modulus (G″) of gum solutions were measured at a fixed stress level (0.5 Pa) at different frequency levels (0.1-10 Hz). [32, 33] The dynamic viscoelastic modulus (G*) is dependent on both elastic and viscous modulus (G′ and G″) as a function of the oscillation frequency: [32, 33] PHYSIOCHEMICAL PROPERTIES OF GUM KARAYA
Viscous or loss
where (σ), (γ), and phase shift (δ) are three rheological stress-strain oscillation variables. σ 0 and γ 0 are the amplitudes of stress and strain (t = 0), respectively. [32, 33] 
Emulsion stability (ES) test
A test tube was filled with 13 mL of the fresh emulsion. Then it was maintained at 25 ± 1 C for 30 days storage. [34] The cream opaque layer at the surface was then separated from the translucent/ turbid serum at the base. This experiment was carried out in triplicate for each sample. ES was calculated based on the following equation:
where HE is the overall height of the emulsion. HC and HS are the heights of the cream and serum layers, respectively. [35] Determination of moisture content
The moisture content of GK was determined in duplicate according to the previous method.
[ 36] Almost 2 g of GK was weighted in the crucible. Then, it was put into an oven at 105°C overnight. Once, the crucible was cooled, it was weighed regularly until it reached a constant weight. [36] Experimental Design and Data Analysis A full factorial model was used to prepare different microwave treatments based on the applied factors or independent variables (Tables 1, 2 ). The native GK was considered as a control for all assessments. Minitab version 16 (Minitab Inc., State College, PA, USA) was applied to generate the experimental design and further data analysis. [37] RESULTS AND DISCUSSION Surface Morphology of GK Figure 2 shows the morphology surface structure of the native GK (A) and microwave-treated gum (B) with the magnification of 250×. The results showed that the microwave-treated sample (B) had smaller particles than the native gum (control). This might be explained by the significant effect of the microwave treatment on the molecular weight of GK. The microwave-treated gum had higher solubility than the native gum. This could be because of the significant reduction in particle size, viscosity, and molecular weight of GK after applying microwave treatment. The improved solubility might be also because of the porosity and destruction induced by microwave treatment in the microstructure of GK. This observation was also reported by previous researchers. [38] They reported that the porosity and destruction levels of dried berries were increased by applying microwave treatment. The reduction of particle size aggregation might be also responsible for improvement of the solubility. [39] 
Effect of Heat and Microwave Treatments on Functional Properties of GK
Effects of heat and microwave treatments on average droplet size and distribution
The results showed that the microwave variables had the most significant (p ˂ 0.05) effect on the volume weighted mean (d 43 ) of GK in O/W emulsion. Conversely, they induced the least significant (p ˂ 0.05) effect on the ES as shown by its low F-ratio (Tables 1, 2 ). On the other hand, the microwave variables had the most and least significant (p < 0.05) on span (particle size distribution) and viscosity of GK in the aqueous system, respectively (Table 2) . Table 3 shows the droplet size distributions of all samples. The results showed that the average droplet size of O/W emulsions ranged from 0.4 to 5.2 μm, depending on the applied microwave condition. The current study revealed that the particle size of GK was considerably decreased after applying heat and microwave treatments. In most cases, the heated samples had smaller particles than the non-heated samples. The percentage of size reduction was increasing by enhancing thermal and microwave processing condition. In fact, the microwave-treated gum L′′ subjected to the harsh microwave process (heated gum, 1000 W, 12 min) had the smallest average droplet size (0.44 μm). Conversely, the unheated gum (Aʹ), which was mildly treated at 700 W for 8 min, had the largest droplet size (5.29 μm) among all microwave-treated samples (Table 3) . 
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The emulsions containing different microwave-treated gums had smaller droplets then the emulsion containing the native (non-treated) gum (Table 3 ). This might confirm that the microwave-treatment substantially improved the emulsifying activity of GK, resulting in finer emulsion droplets. On the other hand, the microwave-treated gum had smaller particles than the native gum. This indicates the significant impact of microwave treatment on the particle size of GK. The hydration time of the gum is usually longer if its particle is bigger. More extensive hydration and droplet expansion may result from the smaller particles. In fact, the presence of smaller particles in the gum can facilitate its hydration, thereby contributing more efficiently in emulsifying oil droplets. [40] In the aqueous system, the particle size distribution of the microwave-treated samples varied from~0.72 to 1.94, while the control sample had relatively higher span (2.16) than the microwave-treated gum (Fig. 3) . This confirmed that the microwave-treated gum induced lower polydispersity and more uniform particles than the native GK. This could be explained by the presence of various particles with different sizes, resulting in lower span (or more polydispersity). [41] The same observation was also reported for the microwave-treated gellan gum. [19] As shown in Fig. 3 , the particle uniformity was improved and span was decreased by enhancing microwave treatment conditions (Fig. 3) . The results showed that the particle uniformity was improved by prolonging microwave treatment from 8 to 12 min. The similar improvement was observed by increasing microwave power level from 700 to 1000 W. Extensive microwave-based tests was also applied for treating other polysaccharide gums such as sodium alginate, xanthan gum, and carrageenan. [42] In most cases, the similar improvement in the particle uniformity was reported by the researchers. [42] Effects of heat and microwave treatments on rheological properties of GK The viscosity and viscoelastic properties of polysaccharide gums depend on the type and condition of applied treatments. [43] Table 4 shows the viscosity of the aqueous system and O/W emulsions containing the native-and microwave-treated gums at a particular shear rate. The results indicated that the viscosity of GK was decreased by applying different heat and microwave treatments. In fact, the microwaved-treated gums showed lower viscosity than the native GK in FIGURE 3 Effect of different heat and microwave treatments on the particle size distribution of gum karaya; A: without heat treatment and B: with heat treatment (120°C, 2 h) a-g: significant different at p < 0.05;a-h: significant different at p < 0.05;A′, B′, and C′: Unheated microwave treated powder samples at 700 W for 8, 10, and 12 min, respectively.D′, E′, and F′: Unheated microwave powder samples at 1000 W for 8, 10, and 12 min, respectively.G′, H′, and I′: Unheated microwave treated solution samples at 700 W for 8, 10, and 12 min, respectively.J′, K′, and L′: Unheated microwave treated solution samples at 1000 W for 8, 10, and 12 min, respectively.A″, B″, and C″: Heated microwave treated powder samples at 700 W for 8, 10, and 12 min, respectively.D″, E″, and F″: Heated microwave treated powder samples at 1000 W for 8, 10, and 12 min, respectively.G″, H″, and I″: Heated microwave treated solution samples at 700 W for 8, 10, and 12 min, respectively.J″, K″, and L″: Heated microwave solution samples at 1000 W for 8, 10, and 12 min, respectively. PHYSIOCHEMICAL PROPERTIES OF GUM KARAYA the aqueous system and O/W emulsion. This might be explained by the significant effect of microwave treatment on the molecular structure of GK. On the other hand, the unheated microwave-treated gum induced higher viscosity than the heated-microwave-treated gum (Table 4 ). This might be explained by the possible degradation in the molecular structure of GK after applying thermal treatment. This might be explained by the fact that the application of heat and microwave treatments led to decrease particle size, thus lowering viscosity. [32] The viscosity of the microwave-treated gums in the unheated form ranged from 58.25 to 383.5 (mPa.s) and 21.78 to 37.81 (mPa.s) in the aqueous system and O/W emulsion, respectively. After applying heat treatment along with microwave treatment, the viscosity of the microwave-treated gums varied from 25.5 to 256.5 (mPa.s) and 10.51 to 31.14 (mPa.s) in the aqueous system and O/ W emulsion, respectively. As mentioned earlier, all treated samples had lower viscosity than the native GK. This indicates the reduction of viscosity after applying heat and microwave treatment. On the other hand, this might be due to the presence of very large particles in the native GK; while the microwave-treated gums had smaller particles and more particle uniformity than the native gum (control). According to Goldstein, [44] the viscosity of GK is directly proportional to its volatile acetyl content. In fact, the viscosity of GK is decreased by degrading its volatile acetyl group. This might be responsible for the viscosity reduction of GK after applying heat and microwave 
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treatments. In this research, there was a possibility for degradation of volatile acetyl group when GK was heated in the sand bath. Previous researchers [45] [46] [47] also reported the viscosity reduction when the microwave treatment was prolonged at the elevated temperature. In fact, the longer exposure to microwave treatment at high temperature results in the advanced reduction of viscosity. The apparent viscosity of the native-and microwave-treated gum was decreased by increasing shear rate. This confirmed that GK exhibited non-Newtonian (shear-thinning) behavior before and after applying heat and microwave treatments (Fig. 4) . Similar shear-thinning behaviors have been reported for seed gums from P. flexuosa DC, [2] Alyssum homolocarpum, [48] and flaxseed. [49] The potential industrial uses of gum depend on the viscoelastic rheological behavior. [50] The elastic (G′) and viscous (G″) moduli of GK were examined to test its viscoelastic behavior.
[51] Table 5 shows the viscous modulus (Gʺ) and elastic modulus (Gʹ) of the native-and microwave-treated GK in the aqueous system and O/W emulsion. The results showed that the elastic (G′) and viscous (G″) moduli of GK were significant declined by applying heat and microwave treatment. This indicated the viscoelastic behavior of GK became weaker after exposure to heat and microwave treatments. There is sufficient time to disrupt reforming bonds at the applied frequencies (0.1-10 Hz) during one period of oscillation test. [49] The microwave-treated gum (L′′) had weaker viscoelastic behavior (lower G′ and G″) than the native gum in the aqueous system and O/W emulsion ( Table 5) .
The native-and microwave-treated gums exhibited stronger elastic behavior than viscous behavior (G′ > G″) at the low frequency. This means that GK has consistent solid-or gel-like behavior at the low frequency (Table 5) . Similar results was reported for flaxseed gum, where the elastic modulus (G′) was higher than the viscous modulus (G″) over the whole frequency range. [49] FIGURE 4 Steady shear rate dependence of viscosity of A: gum karaya control and microwave modified gum in emulsion system and B: gum karaya control and microwave modified gum in aqueous system.
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Previous researchers [52] also reported that the viscoelasticity and elastic behavior of gum Arabic, pectin, and hydroxypropyl methylcellulose were significantly declined by applying heat treatment. In the aqueous system, the elastic modulus of GK was 15 Pa at low frequency. This elastic behavior was stronger than the elasticity (0.55-0.92 Pa) reported for flaxseed gum by previous researchers.
[ 49] Under similar experimental conditions, GK has stronger viscoelastic behavior than flaxseed gum.
Effects of heat and microwave treatments on emulsifying activity of GK
The effectiveness of heat and microwave treatments on the emulsifying activity of GK was investigated by comparing the stability of O/W emulsions containing the native-and microwavetreated gums after 30 days storage. The emulsion can retain stability if the small droplets do not attract each others. When the droplet coalescence or collision period exceeds the time required for adsorption of the gum into the interface, small emulsion droplet retention is feasible.
[53] Figure 5 shows the effect of different microwave treatments on the emulsion activity of GK before and after applying heat treatment (120°C, 2 h). The current study revealed that the emulsifying activity of GK was significantly improved by applying heat and microwave treatments. In most cases, the emulsifying activity of GK On the other hand, the microwave power level had also positive effect on the emulsifying activity of GK. In fact, the microwavetreated gum had stronger emulsion activity than the native GK (Fig. 5) .
The results showed that the microwave-treated gum L′′ had the smallest droplet size and most desirable particle uniformity (the lowest span; 0.89 μm) among all microwave-treated gums. The emulsion containing the microwave-treated gum L′′ had the highest stability among all prepared emulsions (Fig. 5) . On the other hand, the emulsion containing the native gum showed the lowest stability after 30 days storage. This might be explained by the significant reduction of particle size through microwave treatment. The phase separation occurred after 10 days storage when the emulsion had a relatively high average droplet (~22 μm). This might be Effects of heat and microwave treatments on moisture content of GK Moisture content of GK was determined by measuring the weight loss of the samples in a vacuum oven at 105°C for one overnight. The moisture content of GK ranged from~5 to 12% (w/ w) depending on the applied microwave treatment (Fig. 6) . This was comparable with the moisture contents reported for locust bean gum (7.92%), guar gum (7.36%), and tragacanth (6.31%). [54] The results showed that the moisture content of GK was decreased by prolonging microwave process (Fig. 6 ). This might be due to the effect of the microwave energy on the water molecules, which turns it to vapor. The microwave-treated gum L′′ had the lowest moisture content among all samples. As illustrated by pervious researchers, the sample with lower moisture content is more FIGURE 6 Effect of different heat and microwave treatments on the moisture content of gum karaya; A: without temperature and B: with temperature (120°C, 2 h). a-g: significant different at p < 0.05;a-h: significant different at p < 0.05;A′, B′, and C′: Unheated microwave treated powder samples at 700 W for 8, 10, and 12 min, respectively.D′, E′, and F′: Unheated microwave powder samples at 1000 W for 8, 10, and 12 min, respectively.G′, H′, and I′: Unheated microwave treated solution samples at 700 W for 8, 10, and 12 min, respectively.J′, K′, and L′: Unheated microwave treated solution samples at 1000 W for 8, 10, and 12 min, respectively.A″, B″, and C″: Heated microwave treated powder samples at 700 W for 8, 10, and 12 min, respectively.D″, E″, and F″: Heated microwave treated powder samples at 1000 W for 8, 10, and 12 min, respectively.G″, H″, and I″: Heated microwave treated solution samples at 700 W for 8, 10, and 12 min, respectively.J″, K″, and L″: Heated microwave solution samples at 1000 W for 8, 10, and 12 min, respectively. hygroscopic linking to the greater water gradient between the sample and the surrounding air. [55] Therefore, the microwave-treated gum L′′ seems to be more hygroscopic than the control (native GK) and other microwave-treated gums. On the other hand, the native gum and mildly treated gum (Gʺ) had the highest moisture content among all samples. Therefore, they provided the least hygroscopic properties among all samples.
CONCLUSION
The main objective of this study was to investigate the effect of different microwave variables on emulsifying activity and other functional characteristics of GK in aqueous system and O/W emulsion. In general, the application of heat and microwave treatments led to decrease moisture content, particle size and viscosity. On the other hand, the particle uniformity, porosity, and emulsifying activity of GK were significantly improved by microwave treatment. This might be explained by the significant effect of microwave treatment on the microstructure of GK. SEM analysis confirmed some changes in the morphology structure of GK as a result of microwave treatment. The current study revealed that the viscoelastic properties of GK became weaker through microwave treatment. The native and microwave-treated gum had a shear-thinning behavior in both aqueous and emulsion systems. Among all prepared sample, the microwaved treated gum L′′ (1000 W for 12 min) had the most desirable rheological and functional properties. It had the most desirable particle uniformity and emulsifying activity among all samples. Therefore, the current study suggests microwave treatment for the improvement of functional properties of GK. The optimization of microwave treatment for GK is highly recommended.
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